We have sequenced the genome of bean golden mosaic virus, which comprises two circular single-stranded DNA molecules (2646 and Geminiviruses are small viruses of plants characterized by morphologically unique geminate particles and single-stranded DNA (ss DNA) genomes (1, 2). Based on evidence from restriction and infectivity dilution analyses, we suggested (3) that the genome of one geminivirus, bean golden mosaic virus (BGMV), may be bipartite. This hypothesis has been amply validated by subsequent work with other whitefly-borne geminiviruses (4-8). Stanley (9) provided definitive evidence that cassava latent virus (CLV) has a bipartite genome by reproducing disease in Nicotiana benthamiana when leaves were inoculated with full-length clones of both DNAs and never when inoculated with only one DNA.
Geminiviruses are small viruses of plants characterized by morphologically unique geminate particles and single-stranded DNA (ss DNA) genomes (1, 2) . Based on evidence from restriction and infectivity dilution analyses, we suggested (3) that the genome of one geminivirus, bean golden mosaic virus (BGMV), may be bipartite. This hypothesis has been amply validated by subsequent work with other whitefly-borne geminiviruses (4) (5) (6) (7) (8) . Stanley (9) provided definitive evidence that cassava latent virus (CLV) has a bipartite genome by reproducing disease in Nicotiana benthamiana when leaves were inoculated with full-length clones of both DNAs and never when inoculated with only one DNA.
The nucleotide sequence of CLV contains several interesting features (6) . These include a common sequence of ==200 nucleotides found in both DNA components, the only extensive sequence homology between the two DNAs. Within the common region are direct repeats and an inverted repeat that could form a stem-loop structure. The CLV sequence contains 12 open reading frames (ORFs) that potentially encode proteins >10 kDa; ORFs were found in both the viral (+) strand and the complementary (-) strand. One of these, the ORF that may encode a 30.1-kDa protein, was postulated to be the coat protein gene based on its length and by correlation with coat protein amino acid composition.
We now present the nucleotide sequence of the DNAs from BGMV. A comparison of BGMV and CLV sequences reveals features of the genome organization of these viruses that may play a role in temporal regulation of their expression and their different host ranges.
MATERIALS AND METHODS
DNA Preparation. ss DNA was purified from virus preparations (10) by treatment with 1% NaDodSO4 followed by phenol extraction and ethanol precipitation. Double-stranded DNA (ds DNA) was then prepared by extension of random primers (11) on the ss DNA template (12) .
Viral ds DNA was also obtained from extracts of infected plants. BGMV-infected bean leaves, harvested 7 days after inoculation and stored at -80'C, were crushed to a powder in liquid nitrogen in a mortar. The powdered tissue was thawed in 4 ml of 20 mM Tris'HCl, pH 7.6/10 mM EDTA/50 mM NaCl/0.4 ml of proteinase K solution (10 mg/ml). After addition of 0.4 ml of 20% sodium lauroyl sarcosine, the slurry was homogenized again. We then added 0.4 ml of boiled RNase (5 mg/ml), centrifuged the slurry for 5 min in a Beckman Microfuge B, and incubated the supernatant for 30 min at 370C. The DNA-containing solution was extracted twice with phenol/chloroform (1:1), once with chloroform, washed twice with ether, and precipitated by addition of 0.1 vol of 3 M NaOAc (pH 5.5) and 3 vol of ethanol. The precipitate was washed several times with ethanol, taken up in buffer without proteinase K, and fractionated on a 5-20% sucrose gradient by centrifugation for 16 hr at 25,000 rpm in a Beckman SW 41 rotor (4).
Molecular Cloning and Sequencing. DNA fragments generated by Sal I and HindIII digestions of BGMV ds DNA were cloned in M13 mp7 and mp5, respectively (13) . Subclones in M13 mp7 and mp9 (14) were obtained with Sau3A, Taq I, Alu I, Hae III, Hpa II, and EcoRI* (15) digests. We were unable to clone the 1000-base-pair (bp) Sal I or the 2600-bp HindIII fragment from DNA 2 into either of the M13 vectors. The library of BGMV subclones was completed by cloning the Sal I 1000-bp fragment into pACYC177 (16) by using Sal I-digested ds DNA isolated from infected tissue and electroeluted (17) from an agarose gel (18) . The fragment was then tailed with deoxycytidine residues in a reaction volume of 0.2 ml containing 100 mM potassium cacodylate (pH 7.2), 2 mM CoCl2, 0.2 mM dithiothreitol, 1 mM dCTP, and 100 units of terminal transferase per ml. Reaction was for 5 min at 370C, at which time EDTA was added to 12.5 mM. The tailed DNA was phenol/chloroform extracted and ethanol precipitated. The tailed Sal I fragment was then annealed (19) to pACYC177, which had been digested with Pst I and tailed with deoxyguanidine residues. Transformation of Escherichia coli strains K802 or JM105 was by the CaCl2 method (20) . Colonies with the correct phenotype (kanamycin resistant, ampicillin sensitive) were screened (21, 22) (26, 27) . From these primers, which covered nucleotides 1106-1130 and 1356-1381, the completed sequence of pTS79 was determined.
Nucleotide sequence analysis was by the procedures of Maxam and Gilbert (28) and Sanger et al. (29) as described (18) . Data analysis was done by computer (30) (31) (32) . Enzymes and reagents were purchased from commercial suppliers and used according to the suppliers' protocols.
RESULTS
The nucleotide sequence of the two genomic DNAs of BGMV was derived from data obtained using the strategy shown in Fig. 1 . DNA 1 is 2646 nucleotides long and has a G+C content of =42%. DNA 2 contains 2587 nucleotides and is 37% G+C (Fig. 2) .
We previously had mapped short sequences on DNA 1 and DNA 2 that were at least 85% homologous (23) . The Restriction map and sequencing strategy of the BGMV genome. Linear restriction maps are displayed with the first nucleotide of the common region as nucleotide 1. We changed the terminology for BGMV DNAs from that used previously (23) to the convention used by Stanley and Gay (6) complete sequence (Fig. 2) shows a region (the common region) 205 nucleotides long in DNA 1 that is exactly homologous to a sequence in DNA 2 (Fig. 3) . The sequences flanking the common region on either side show no sequence homology.
The common region contains a 20-nucleotide tandem repeat (nucleotides 18-37 and nucleotides 40-59), and there is an inverted repeat between nucleotides 148 and 183. This inverted repeat may form a stable stem-loop structure (33) with a G+C-rich 12-bp stem and an A+T-rich 12-nucleotide loop (Fig. 4A) .
CLV also has direct and inverted repeats in its common region (6) . We searched for nucleotide sequence similarities between the common regions of BGMV and CLV and found only one. Nucleotides 133-165 of the CLV common region include inverted repeat sequences that may form a stemloop structure very similar to the one in BGMV (Fig. 4) . The only differences are that in the loops, BGMV has an adenine residue that is not present in CLV and in the stems, BGMV has a cytosine residue that is not present in CLV and a thymine residue where CLV has an adenine. The loop sequence contains a consensus "TATA" sequence (34) .
Except for the 205-nucleotide common region of BGMV, there is no extensive region of homology between DNAs 1 and 2. However, there are repeated sequences that are not in the common regions. The most striking of these are two A+T-rich regions (nucleotides 220-240 and 320-340) in DNA 1 that contain a 13-nucleotide direct repeat and 2 inverted repeats.
Both BGMV (see legend to Fig. 2 ) and CLV (6) contain numerous ORFs long enough to encode proteins >10 kDa. Because BGMV and CLV are serologically related (35) , we expected at least one of these ORFs (encoding the capsid protein) to show amino acid and, therefore, nucleotide sequence homology. Homology in other ORFs was expected based on results from previous molecular hybridization experiments (23) and on the grounds that such small and, therefore, presumably economical viruses might contain other conserved genes. We also thought that, even in the absence of sequence homology, the orientation and position of ORFs in relation to the common regions might be conserved.
We found six ORFs that fulfilled these expectations ( Fig.  5 T7TCG0GTCT TTTAAC0AGA A6AATOAC0A AGAGA6GTAG T0AGATCTA   2000   TG0T 7CATCT T7TGO6AAAC GTCCATGATG CT7707T6A A TTCATT0TCT 0TCATCCTT T7TC0TG7AT CTCCACTACA ACCGATCCTG TCGCGTTTAT   2100   AG0C 0CCTGT TGCCTATACT CAATTAACCA AT6ATC00TC TTCATACAAC TG70ACTG06 TC7TGCT0AT AGTTGAGAC6 CTGT0GAAG6 AAATTGAAGG   2200   ATTATCTCAG TTAGATCATIG AGACAATTGA TATTCGTCTC TCTGAGACTC TATGTAATTA AATGCATTTG GAGGATTTGC TAACTGAGAA TCCATTAAG   2300   AATAAATGGC CGCGCAGCCG AAT6GCTCAG AGAGATAAGG TCCACTCAAC T7ATGGATAG CTAACAAATA AGAACTATAT TTGT6AAACA CTCATACAAC   2400   T7GATATACT0 ACAAG0GAA 7TG7AAATA   0   ATTATACTGA 6ATAGAGAAG CAT6T7TGTA ACTTATATAG ACAGTTGTAT GC0ATTAAAG CTCTTTT07 A   2500   AAAAGAACAT ATTA678AAG T7AT0ATCAT GAAATATATA TCTTATAT7 T ATATATTGTA TGAATTGGAC ATGATTAT8 G TTATACTAAA TGTCGTACGA   TGATCAGAAG TTAATATGGA T7ATATTGTT TTTTA70AAT TATTT7AAGG TTAATAAGCA AAACGAA6CC GTTTMA6ACT (39) suggest that transcription enhancement in SV40 (42) . Inverted repeats intermolecular recombination may occur in the course of the also have been associated with regulatory functions as in infection cycle. The common regions could play a role in this transcription termination in bacteria (43) and in eukaryotes process perhaps analogous to that proposed recently for the (44) , transcription attenuation in eukaryotes (45) , and large Brassica mitochondrial genome (40) .
T-antigen binding in SV40 (46) and, possibly, in nucleosome Finally, the extent of sequence homology between two serologically related viruses with vastly different host ranges is almost nil in their respective common regions but is quite high in several putative coding regions. Thus, it may be that sequences in the common region confer host specificity. The organization of the geminivirus genome suggested by the nucleotide sequence (Fig. 5) would place a short regulatory region centered between genes transcribed in both DNA strands. This type of organization is similar to that of papovaviruses such as SV40 (48) . In SV40, a 342-bp regulatory region specifies the origin of replication, transcription promoters, and a transcription enhancer. Gene expression is temporally regulated by transcriptional polarity.
We propose that geminiviruses likewise may have a system for temporal regulation of early and late functions based on the polarity of transcription. Because ORF 27.7, the BGMV homolog of CLV ORF 30.1, is likely to be the coat protein gene and encapsidation is a late function in the infec- tion cycle, we suggest that late genes are expressed from clockwise transcription on minus strand templates (ORFs 27.7 and 29.7). Early genes would be transcribed in the counterclockwise direction from ,ORFs 15.6, 19.6, 33.1, and 40.2. Our data (Table 1) indicate that ORF 27.7 is sufficiently conserved between BGMV and CLV (ORF 30.1) for the proteins to be serologically related (49) , as CLV and BGMV have been found to be (35) . The other putative late gene is ORF 29.7, which we suggest might encode an insect transmission protein (50) (51) (52) (53) .
While this manuscript was in review, we learned of work since published (7) in which the complete nucleotide sequence of tomato golden mosaic virus (TGMV) was determiried. TGMV is also serologically related to CLV (35) and similarly possesses a bipartite genome (5). The results obtained with TGMV provide strong validation of our interpretation of genome organization based on conservation of ORFs between BGMV and CLV. In TGMV, the only ORFs found correspond exactly in position and approximately in size to the six ORFs conserved between BGMV and CLV. In fact, the results and interpretations obtained from the TGMV sequence agree with our data in every significant de- Biochemistry: Howarth et aL tPercentage of total amino acid residues encoded by each ORF that are either identical or conservative substitutions (34) .
tData presented are a comparison between the CLV 15.2-kDa ORF (6) and the 3' region of the BGMV ORF to which the CLV ORF corresponds. The 5' region of the BGMV 19.6-kDa ORF has little or no sequence homology with the noncoding sequences flanking the 5' end of the corresponding CLV ORF.
tail, including the essentially complete lack of sequence homology in the common regions of all three viruses except for that within the inverted repeat.
The inference that the genome of whitefly-borne geminiviruses might be organized in a manner analogous to the mammalian papovaviruses was unexpected. No other ss DNA virus utilizes a bipolar transcriptional strategy nor does the one other group of plant DNA viruses, the caulimoviruses. Thus, the whitefly-borne geminiviruses have yet one more feature that sets them apart from other viruses. Like many RNA plant viruses, they possess a divided genome, but they are the first DNA viruses with that attribute. Geminiviruses and porcine circovirus (54) are the only ss DNA viruses of eukaryotes to have a circular topology.
